Abstract-We present a novel multi-functional Multiple-Input Multiple-Output (MIMO) scheme, that combines the benefits of Space-Time Codes (STC), of Vertical Bell Labs Layered SpaceTime (V-BLAST) scheme as well as of beamforming. To further enhance the attainable system performance and to maximise the coding advantage of the proposed transmission scheme, the system is also combined with multi-dimensional Sphere Packing (SP) modulation. Additionally, we quantify the capacity of the proposed multi-functional MIMO aided multi-dimensional SP arrangement and propose a novel technique of computing an upper limit on the achievable bandwidth efficiency of the system based on EXtrinsic Infomation Transfer (EXIT) charts. Further system performance improvements can be attained by serially concatenating our proposed scheme with an outer code together with a Unity-Rate Code (URC), where three different receiver structures are created by varying the iterative detection configuration of the constituent decoders/demappers. Moreover, the convergence behaviour of the proposed schemes is evaluated with the aid of EXIT charts. Explicitly, the three proposed systems are capable of operating within 0.9 dB, 0.6 dB and 0.4 dB of the maximum achievable rate limit. Additionally, the three stage assisted SP aided scheme is capable of outperforming its counterpart employing QPSK by 1 dB at a BER of 10 −6 .
I. INTRODUCTION
M ULTIPLE-INPUT Multiple-Output (MIMO) systems attain a higher capacity than single-input single-output systems [1] [2] [3] . In [4] the multi-layer MIMO structure known as the Vertical Bell Labs Layered Space-Time (V-BLAST) scheme was proposed, whose receiver is capable of providing a high multiplexing gain without the need for any increase in the transmitted power or in the system's bandwidth. On the other hand, Space-Time Block Codes (STBC) [5] are capable of achieving the maximum possible diversity gain, while using low-complexity linear processing at the receiver. Hence, it was proposed in [6] to combine the benefits of these two techniques for the sake of providing both antenna diversity as well as spectral efficiency gains. This hybrid scheme was improved in [7] by optimising the decoding order Manuscript received November 19, 2007 ; accepted January 16, 2008 . The associate editor coordinating the review of this letter and approving it for publication was A. Chockalingam.
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of the different antenna layers. Furthermore, beamforming [8] constitutes an effective technique of reducing the multipleaccess interference, where the antenna gain is increased in the direction of the desired user. Additionally, beamforming has been combined with STBC to attain a higher Signal-to-Noise Ratio (SNR) gain [9] . In [10] Su et al. demonstrated that Sphere Packing (SP) aided STBC was capable of outperforming the conventional STBC scheme dispensing with SP [5] . In [11] the SP demapper of [10] was modified for the sake of accepting the a priori information passed to it from the channel decoder as extrinsic information.
It was demonstrated in [12] that a recursive inner code is needed in order to avoid the formation of a Bit Error Ratio (BER) floor, when employing iterative decoding. In [13] , rate-1 inner codes were employed for designing low complexity turbo codes suitable for bandwidth and power limited systems having stringent BER requirements. EXtrinsic Information Transfer (EXIT) charts were introduced in [14] for characterising the flow of extrinsic information between the soft-in softout constituent decoders. The concept of EXIT chart analysis has been extended to three-stage concatenated systems in [15] . code.
In Section II we present the encoding and decoding algorithms of the novel LSSTC scheme and demonstrate how the scheme can be combined with multi-dimensional SP modulation. In Section III we quantify the capacity of the LSSTC-SP scheme, followed by a discussion of the iterative detection schemes invoked in Section IV. Finally, the attainable performance of these schemes is studied comparatively in Section V, followed by our conclusion in Section VI.
II. LAYERED STEERED SPACE-TIME CODES USING SPHERE PACKING MODULATION

A. Transmitter Model
A block diagram of the proposed LSSTC scheme is illustrated in Figure 1 . The antenna architecture employed in Figure 1 has N t transmit Antenna Arrays (AA) spaced sufficiently far apart in order to experience independent fading and hence to achieve transmit diversity. The L number of elements of each of the AAs are spaced at a distance of d = λ/2 for the sake of achieving a beamforming gain, where λ represents the carrier's wavelength. Furthermore, the receiver is equipped with N r N t antennas. According to Figure 1 , a block of B input information symbols "s" is serial-to-parallel converted to K groups of symbol streams of length B 1 , B 2 , · · · , B K , where 
where τ k is the signal's delay and a nm,l (t) is the CIR with respect to the mnth link and the lth element of the mth AA. Based on the assumption that the array elements are separated by half a wavelength, we have a
T and ψ nm is the nmth link's Direction Of Arrival (DOA).
B. Receiver Model
The received baseband data matrix Y can be expressed as Y = HWX + N, where X represents the transmitted STC symbols matrix, H is an (N r × N t ) matrix whose entries of h nm are defined in Equation (1) and N denotes the AWGN matrix whose entries have a variance of N 0 /2 per dimension. Furthermore, W is a diagonal AA weight matrix, whose diagonal entry w mn is the L-dimensional weight vector for the mth beamformer AA and the nth receive antenna. In this scenario, the MRC criterion based transmit beamformer, which constitutes an effective solution to maximising the antenna gain, is the optimum beamformer. 
The most beneficial decoding order of the STC layers is determined on the basis of detecting the highest-power layer
first for the sake of a high correct detection probability. For simplicity, let us consider the case of K = 2 STBC layers and that layer 1 is detected first. The decoder computes an orthonormal basis for the left null space of H 2 and assigns the vectors of the basis to the rows of a matrix Q, so that Q · H 2 = 0. Multiplying Q by Y suppresses the interference imposed on layer 1, followed by direct STBC detection. Then, the decoder subtracts the remodulated contribution of the decoded symbols of layer 1 from the composite twin-layer received signal Y. Finally, the decoder applies direct STBC decoding to the second layer, since the interference imposed by the first layer has been eliminated. This group-interference cancellation procedure can be generalised to any N t and K values.
C. LSSTC and SP modulation
According to the previous discussion, the decoded signal represents a scaled version of the transmitted signal corrupted by AWGN. This observation implies that the diversity product of the LSSTC scheme is determined by the minimum Euclidean distance of all legitimate transmitted vectors. Our idea is to jointly design the legitimate m k -component complexvalued vectors (x 1 ,x 2 ,· · · ,x m k ), so that they are represented by a single phasor point selected from a SP constellation corresponding to a 2m k -dimensional real-valued lattice having the best known minimum Euclidean distance in the real-valued space R 2m k . In this contribution we assume that each layer is constituted by a twin-AA STBC scheme, i.e.
. . , L sp − 1, the transmitter then has to choose the modulated signal from these L sp legitimate symbols to be transmitted over the two AAs. Assuming that 4 , we have a set of constellation symbols leading to the design of LSSTC signals, whose diversity product is determined by the minimum Euclidean distance of the set of L sp legitimate constellation points in S.
III. CAPACITY OF LSSTC-SP SCHEME Upon using the decoding order of (1, 2, · · · , K), group k will have a diversity order of
Thus, the received sphere-packed symbol of layer k, assuming perfect interference cancellation, can be described
t=1 α rt represents a chi-squared distributed random variable having 2m k degrees of freedom and Δ k ∈ R 4 is the AWGN after decoding having a covariance matrix of σ
T and note that in conjunction with K groups there are M = (L sp ) K number of possible SP phasor combinations. Thus, the achievable capacity of the LSSTC scheme for transmission over the Discrete-Input Continuous-Output Memoryless Channel (DCMC) can be derived from that of the discrete memoryless channel according to Equation (2) [17, 18] 
Moreover, C DCMC in Equation (2) is maximised, when the transmitted symbols are equiprobably distributed, i.e. for p(S i ) = 1 M [18] . Hence, we can write
where the term Ψ k,vi is given by
Finally, Equation (2) can be simplified to
where E[A|B] is the expectation of A conditioned on B.
On the other hand, the Continuous-Input ContinuousOutput Memoryless Channel (CCMC) capacity of the proposed LSSTC scheme can be expressed as
[bit/sym] [17, 18] . Finally, the bandwidth efficiency is related to the capacity according to η = C D/2 in [bits/sec/Hz], where D is the dimension of the constellation used [18] .
IV. ITERATIVE DETECTION AND EXIT CHART ANALYSIS
The block diagram of the iteratively-detected LSSTC-aided SP modulation is shown in Figure 1 . In this contribution we present three iterative detection aided SP assisted LSSTC schemes. The first and second systems, referred to as System 1 and System 2 respectively, employ no iterations between the Unity-Rate Code (URC) Decoder II and the SP demapper of Figure 1 . However, the two systems differ in the choice of the Figure 2 shows the EXIT chart of System 1 employing a turbo-detection aided channel-coded LSSTC-SP system using Gray Mapping (GM). The main objective of employing EXIT charts [14] is to predict the convergence behaviour of the iterative decoder by examining the evolution of the input/output MI exchange between the constituent decoders. The system employs a rate R I =1/2 memory-2 RSC code in conjunction with octal generator polynomials of (G r , G) = (7, 5) 8 , where G r is the feedback polynomial. Encoder II is a simple URC scheme, described by the pair of octal generator polynomials (G, G r ) = (2, 3) 8 . The Gray Mapping (GM) of the bits to SP symbols was used because no iterations are invoked between the SP demapper and the decoders, and in this case a higher initial MI and hence a higher starting point is achieved at I A = 0 in the EXIT curve of Figure 2 , where an open convergence tunnel is formed around E b /N 0 = −8.5 dB. The EXIT chart based convergence predictions can be verified by the Monte-Carlo simulation based iterative decoding trajectory of Figure 2 , where the trajectory was recorded at E b /N 0 = −8.5 dB, while using an interleaver length of D = 180, 000 bits. On the other hand, it is a well-understood property of the conventional 2D EXIT charts that a narrow but marginally open EXIT-tunnel represents a near-capacity performance [19, 20] . Therefore, in System 2 we invoke IrCCs for the sake of appropriately shaping the EXIT curves by minimising the area within the EXIT-tunnel using the procedure of [19, 21] . Figure 2 also shows the EXIT chart of System 2 employing a turbo-detection aided channel-coded LSSTC-SP system using GM, where the iterations are carried out between the outer 1/2-rate IrCC and the inner URC decoders. Observe from Figure 2 that an open convergence tunnel is formed around E b /N 0 = −9.2 dB. This implies that according to the predictions of the EXIT chart of Figure 2 , the iterative decoding process is expected to converge at E b /N 0 = −9.2 dB.
On the other hand, in System 3 the extrinsic information is exchanged between the SP demapper, the URC Decoder II and the outer Decoder I. As seen from Figure 1 , the input of Decoder II is constituted by the a priori input L II,a (c 2 ) and the a priori input L II,a (u 2 ) after appropriately ordering the data provided by the SP demapper and Decoder I, respectively. Therefore, the EXIT characteristics of Decoder II can be represented by a three dimensional EXIT chart. However, it is cumbersome to interpret the 3D EXIT charts. Hence, we only show the 2D representation of the corresponding EXIT charts. Figure 3 shows the 2D-projected EXIT curve of the combined SP demapper and Decoder II at E b /N 0 = −8.8 dB, when employing the best possible is formed at E b /N 0 = −8.8 dB. Therefore, in our results we use a single inner iteration that produces the same result and imposes the lowest complexity. The EXIT chart prediction of Figure 3 , namely that an infinitesimally low BER may be attained beyond E b /N 0 = −8.8 dB, is confirmed by the decoding trajectory of Figure 3 , which was recorded for an interleaver depth of D = 180, 000 bits.
A. Maximum Achievable Rate
An upper limit on the maximum achievable rate of the system can be calculated based on the area property ofĀ I ≈ R I , whereĀ I is the inverse of the area under the EXIT-curve of Decoder I. More explicitly, it was observed in [20, 21] (6) where B sp = log 2 (L sp ) is the number of bits per SP symbol and R LSST C−SP = 1 for the system employing the parameters outlined at the beginning of Section IV, since T = 2 time slots are needed to transmit two SP symbols. Additionally, E b /N 0 and E b /N 0 are related to each other as
[dB], where R o is the original outer code rate used when generating the EXIT curves.
The MIMO channel's capacity curves recorded for the 4-dimensional SP modulation assisted LSSTC scheme in conjunction with (N t , N r ) = (4, 4) and L = 4 elements per AA are shown in Figure 4 , portraying both the DCMC and CCMC capacity curves as well as the maximum achievable rate of the system derived from the EXIT curves. The discrepancy between the two bandwidth efficiency curves shown in Figure 4 that are calculated using Equation (5) and Equation (6) is due to the fact that Equation (5) was computed for the case where perfect interference cancellation is considered at the receiver. Therefore, Equation (5) constitutes an upper bound on the system's bandwidth efficiency, while Equation (6) constitutes a tighter bound on the maximum achievable bandwidth efficiency of the system considered in this paper.
V. RESULTS AND DISCUSSION
In this section, we consider a LSSTC-SP system associated with L sp = 16 in conjunction with (N t , N r ) = (4, 4) antennas. The overall bandwidth efficiency of the system is 2 bits/sec/Hz, i.e. the DCMC capacity limit is about E b /N 0 = −10 dB, while the maximum achievable rate limit obtained using EXIT charts is at E b /N 0 = −9.4 dB according to Figure 4 . Additionally, the presented results correspond to the case, where perfect channel knowledge is considered at the receiver. Figure 5 compares the maximum achievable performance of the three proposed iterative detection aided LSSTC-SP schemes, while employing an interleaver depth of D = 180, 000 bits. Observe that the performance of System 1 and System 3 matches the EXIT chart predictions of Figures 2 and 3 after I = 17 and I = 46 iterations, respectively. Hence, System 1 and System 3 perform within 0.9 dB and 0.6 dB, respectively, from the maximum achievable rate limit. However, System 2 does not closely match the EXIT chart based convergence prediction at E b /N 0 = −9.2 dB even after I = 100 iterations. This is due to the fact that at E b /N 0 = −9.2 dB, the EXIT-tunnel of Figure 2 is narrow and thus requires a significantly higher number of iterations than I=100. Thus, after employing I=100 decoding iterations System 2 performs within 0.4 dB from the maximum achievable Comparison of the coding gain at a BER of 10 −5 versus the complexity in MACS of the three proposed LSSTC-SP aided systems rate limit. Additionally, System 3 employing SP outperforms its counterpart dispensing with SP by 1 dB, as shown in Figure 5 .
Finally, Figure 6 shows the coding gain achieved at a BER of 10 −5 for each system versus the detection complexity expressed in terms of Million Add-Compare-Select (MACS) operations. Figure 6 demonstrates that System 1 has the lowest complexity at a distance of 0.9 dB from the maximum achievable rate limit, where the performance of System 1 approaches an infinitesimally low BER. System 3 is capable of performing equally well in BER terms, while operating 0.3 dB closer to the maximum achievable rate limit than System 1. However, this is achieved at the cost of almost doubling the complexity. When employing as many as 100 decoding iterations, System 2 becomes capable of performing within 0.4 dB from the maximum achievable rate limit, although this is achieved at the cost of a complexity that is 20 times that required for operating within 0.9 dB from the maximum achievable rate limit using System 1.
VI. CONCLUSION
In this paper, we proposed a novel multi-functional MIMO scheme that combines the benefits of STC, V-BLAST as well as beamforming. The system is also combined with multidimensional SP modulation, facilitating the joint design of the AA's space-time signals. The paper also quantifies the capacity of the LSSTC-SP scheme and proposes a novel procedure for computing an upper limit on the achievable bandwidth efficiency of the system, which is based on EXIT charts. Furthermore, we propose three near-capacity turbo-detected LSSTC-SP schemes, where iterative detection is carried out between the outer code's decoder, the intermediate code's decoder and the LSSTC-SP demapper. Explicitly, the system is capable of operating within 0.9 dB, 0.6 dB and 0.4 dB from the maximum achievable rate limit. However, to operate within 0.6 dB from the maximum achievable rate limit, the system imposes twice the complexity compared to a system operating within 0.9 dB from the same limit. On the other hand, to operate as close as 0.4 dB from the maximum achievable rate limit, the system imposes a 20 times higher complexity compared to the one operating within 0.9 dB from this limit.
